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the	Ethiopian	endemic	Lobelia rhynchopetalum	 as	a	model.	We	modeled	 the	habitat	
suitability	of	L. rhynchopetalum	and	assessed	how	its	range	is	affected	under	two	cli-
mate	models	and	four	emission	scenarios.	We	used	three	statistical	algorithms	cali-
brated	 to	 represent	 two	 different	 complexity	 levels	 of	 the	 response.	We	 analyzed	
genetic	 diversity	 using	 amplified	 fragment	 length	 polymorphisms	 and	 assessed	 the	
impact	of	the	projected	range	 loss.	Under	all	model	and	scenario	combinations	and	








way	 as	 our	 study	 species.	 We	 conclude	 that	 specialized	 high-	alpine	 giant	 rosette	
plants,	such	as	L. rhynchopetalum,	are	likely	to	face	very	high	risk	of	extinction	follow-
ing	climate	warming.








ically	driven	 climate	warming	 in	 the	21st	 century	 is	 likely	to	exceed	
1.5°C	relative	to	the	1850–1900	period	in	all	scenarios	and	exceeds	
2.0°C	in	many	scenarios.	The	rate	of	temperature	increase	in	moun-
tainous	 systems	 is	 projected	 to	 be	 considerably	 higher,	 possibly	






Organisms	 respond	 to	 changes	 in	 climate	 through	 adaptation	
(Davis,	 Shaw,	 &	 Etterson,	 2005;	 Parmesan,	 2006)	 or	 through	 range	












Upward	 shifts	 in	 response	 to	 recent	 climate	 change	 are	 already	
measurable,	although	they	tend	to	lag	behind	the	velocity	of	climate	
change	(Bertrand	et	al.,	2011).	Several	historical	surveys	using	perma-
nent	plots	have	 shown	 that	 species	with	high	 thermal	demands	are	




in	 species	 richness	 since	 the	 beginning	 of	 the	 20th	 century	 due	 to	
immigration	of	lower-	elevation	species	(Grabherr	et	al.,	1994).	A	com-
parison	of	the	altitudinal	distributions	of	171	forest	species	between	
1905	 and	 2005	 showed,	 on	 the	 average,	 29	m	 upward	 shift	 of	 the	
























Instead,	 the	 diurnal	 variation	 in	 temperature	 is	 extremely	 high	with	
warm	days	alternating	with	very	cold	nights,	when	temperatures	can	











logenetically,	 they	have	developed	 similar	 distinctive	morphological,	
physiological,	and	life	history	adaptations	to	the	diurnal	freeze-	thaw	
cycles	of	tropical	alpine	habitats	(Halloy,	1983).	These	complex	adap-







rosette	 plants	 have	 evolved	 a	 noticeable	 exception	 to	 this	 general	
pattern	as	one	of	 their	 adaptation	mechanisms	 (Fetene	et	al.,	 1998;	
Meinzer,	 Goldstein,	 &	 Rundel,	 1985;	 Smith,	 1980;	 Smith	 &	 Young,	
1987).	The	temperature	near	the	ground	is	very	low	during	night	and	
highly	fluctuating	 throughout	 the	day	as	 compared	 to	 the	 tempera-
ture	more	than	1	m	above	the	ground	(Fetene	et	al.,	1998).	The	main	











to	 climate	 change	 in	 the	 Ethiopian	mountains,	which	 represent	 the	
largest	contiguous	high-	mountain	system	of	Africa.	Under	the	current	






in	height	 in	 the	alpine	zone	of	Ethiopia,	L. rhynchopetalum	 can	grow	
taller	than	10	m	(Fetene	et	al.,	1998).	It	is	confined	to	the	alpine	zone	
and	 thus	 serves	 as	 a	 conspicuous	 indicator	 species	 of	 the	 tropical	










future	 climate	 scenarios.	We	do	 so	by	using	 an	 ensemble	 approach	
using	 three	 different	 statistical	methods,	 and	 by	 fitting	 both	 a	 sim-
ple	 and	 a	 complex	model	 parameterization	 (Merow	et	al.,	 2014)	 for	
each	model	 for	building	 the	ensemble.	We	also	assessed	 its	current	






2  | MATERIALS AND METHODS
2.1 | Study species and distribution data















(ca.	3,500	m).	At	each	50	m	altitudinal	 interval	 in	each	 transect,	 the	
presence	or	absence	of	L. rhynchopetalum	in	one	20	m	x	20	m	plot	was	
recorded	 (Table	 S1).	 For	 the	 area	 below	 the	 treeline,	where	 L. rhyn-
chopetalum	 is	known	to	be	absent,	we	generated	additional,	random	
pseudo-	absence	points	in	a	number	proportional	to	the	area-	weighted	












future	 climate	 using	 different	 scenarios	 were	 obtained	 from	 the	
global	climate	data	set	WorldClim	(Hijmans,	Cameron,	Parra,	Jones,	























selecting	 the	one	with	highest	 assumed	biological	 importance	 (Fig.	
S1).	We	 finally	 kept	 ten	 variables	 for	 model	 building:	 slope	 angle,	





2.3 | Model fitting and evaluation
For	mapping	 potentially	 suitable	 habitats	 for	 L. rhynchopetalum,	 we	
selected	 three	model	algorithms	that	differ	 in	general	 structure	and	
statistical	properties:	(i)	MaxEnt,	based	on	parametric	maximum	like-
lihood	 (Halvorsen,	 2013;	 Halvorsen,	 Mazzoni,	 Bryn,	 &	 Bakkestuen,	














generate	 shapes	 of	 varying	 complexity,	we	 set	 the	 k	 parameter	 in	
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complex)	 interactions	 among	 variables	 during	 model	 building.	 For	
both	 complexity	 versions,	 several	 models	were	 run	 by	 alternatively	
setting	the	bag	fractions	to	0.5	and	default	(i.e.,	0.75;	Elith,	Leathwick,	








































were	successfully	analyzed	 for	AFLPs	 (see	Appendix	S1	 for	details).	
To	quantify	genetic	diversity,	we	estimated	 the	proportion	of	poly-









loss	 using	 a	 similar	 approach	 as	Alsos	 et	al.	 (2012).	As	 genetic	 data	
were	not	available	from	the	whole	range	of	the	species,	in	particular	











of	markers	 in	the	remaining	populations,	Ntot	 is	 the	average	number	






Shewa-	Wallo),	 loss	 of	 genetic	 diversity	was	 estimated	 by	 randomly	
removing	a	proportion	of	sampling	localities	proportional	to	the	area	
projected	to	be	lost.	We	thus	assume	that	the	genetic	loss	predicted	












ones	when	applied	 to	 the	 independent	 test	data	 set.	The	predicted	
distribution	patterns	obtained	 from	all	models	 and	both	 complexity	






(Fig.	 S9)	 and	 the	 final	 binary	 ensemble	 maps	 combining	 all	 models	
and	complexity	 levels	 (Figure	2a)	consistently	 indicated	that	most	of	
the	alpine	 regions	 in	Ethiopia	currently	presents	 suitable	habitat	 for	
L. rhynchopetalum.	The	species	has	its	largest	zone	of	suitable	habitat	
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south	of	the	Rift	Valley	in	the	Bale-	Arsi	region	(Table	1;	Figure	2a).	The	
second	largest	suitable	area	is	found	at	the	northwestern	edge	of	the	
Rift	 (Shewa-	Wallo-	Guna	 massif)	 followed	 by	 the	 Simen	Mountains.	
However,	 the	 projections	 under	 both	 emission	 scenarios	 for	 both	
climate	models	 suggested	 that	L. rhynchopetalum	would	 lose	 a	 large	






revealed	 that	no	habitat	 remained	suitable	with	certainty	 in	 two	of	
our	 study	areas,	Bale	Mts	and	Mt.	Choke	 (Figure	3,	Table	1).	 In	 the	
third	sampling	area,	in	Simen	Mts,	only	13%	of	the	currently	suitable	
habitat	predicted	to	remain	suitable	with	certainty.	In	the	fourth	area,	
the	 Shewa-	Wallo-	Guna	 massif,	 where	 no	 samples	 were	 collected	
for	genetic	analysis,	 the	current	habitat	 that	would	 remain	 suitable	
under	 future	climates	with	certainty	 is	only	2.4%.	Over	Ethiopia	as	
a	whole,	 only	3.4%	 (93.6	km2)	 of	 the	 current	habitat	would	 remain	
suitable,	 and	 the	 comparably	 large	and	disconnected	current	 range	
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of	 the	 species	 would	 be	 further	 fragmented	 and	 confined	 to	 four	
mountaintops	(Figure	3).	Another	13.9%	of	the	current	range	would	
present	uncertain	habitat	suitability	due	to	differences	among	climate	
and	 statistical	 models,	 complexity	 levels	 and	 thresholds	 (Table	1),	
which	 translated	 to	 a	 total	 of	 82.6%–96.6%	 range	 loss	 for	 L. rhyn-










two	 other	massifs	 (Table	2).	Of	 the	 173	 polymorphic	markers,	 only	
63	(36.84%)	markers	were	shared	among	the	three	mountains	while	
41	(23.69%)	markers	were	not	found	in	the	samples	from	Simen	Mts	













Bale-	Arsi	Mts 1,122.0 0.0 87.0 13.0
Mt	Choke	 259.3 0.0 91.0 9.0
Simen	Mts 606.9 12.6 68.9 18.4
Shewa-	Wallo-	Guna	Mts 765.8 2.4 84.2 13.4
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future	 climate	 scenario	 (Fig.	 S15).	The	PCoA	 revealed	a	 continuous	
gradient	 in	 genetic	variation	 ranging	 from	Bale	 via	Choke	 to	Simen	





most	 (80%)	 of	 the	 variation	was	 found	within	 populations,	 but	 sig-





of	37.4%–81.6%	of	 the	AFLP	markers	 (Figure	4).	The	predicted	 loss	








4.1 | Impact of climate change on habitat range
In	this	study,	we	predicted	that	almost	all	Ethiopian	alpine	areas	are	
suitable	for	L. rhynchopetalum	under	the	current	climate.	This	is	con-






















by	 climate	 change	 (Engler	 et	al.,	 2011).	Also,	 projected	 range	 loss	 in	
lowlands	is	usually	much	smaller	than	that	projected	for	mountaintops	
that	 barely	 reach	 above	 treeline	 (Lenoir	 et	al.,	 2008;	 Thomas	 et	al.,	
2004,	2006;	Thuiller	et	al.,	2005).	Tropical	mountains	are	specifically	




Our	 results	 for	L. rhynchopetalum	 add	 to	 a	 growing	body	of	 evi-
dence	 showing	 dramatically	 high	 rates	 of	 range	 loss	 and	 altitudi-




Mountain system in total Average of population estimates
P D Private DAV [min–max] Ra [min–max]
Bale	Mts 39/8 73.41 0.127 19 0.114	±	0.02	[0.089–0.139] 1.737	±	0.441	[1.205–2.394]
Mt	Choke 19/4 53.18 0.123 5 0.116	±	0.01	[0.108–0.120] 1.766	±	0.29	[1.341–1.982]


















































     |  9﻿CHAH  et HAl
Himalayan	 endemics;	 Telwala	 et	al.,	 2013).	 Such	 high	 rates	 can	 be	
expected	 because	 of	 the	 enhanced	 changes	 anticipated	 in	 climates	
in	 mountainous	 regions	 (Nogués-	Bravo	 et	al.,	 2007),	 typically	 nar-
row	 habitat	 ranges	 and	 low	 genetic	 diversity	 that	 may	 counteract	
local	 adaptation	 in	 high-	alpine	 taxa,	 and	 steep	 biotic	 and	 abiotic	







risk	 of	 extinction	 and	 the	 Ethiopian	 alpine	 region	may	 lose	 its	 only	
representative	of	the	iconic	tropical	alpine	plant	giants.	Other	tropical	
alpine	giant	rosette	plants	will	likely	be	affected	in	a	similar	way	by	a	
warmer	 climate,	 as	 they	occupy	 the	uppermost	 alpine	habitats	with	
narrow	ecological	amplitudes	and	possess	similar	morphological	and	
physiological	syndromes	developed	in	response	to	the	diurnal	freeze-	




Thus,	we	might	 lose	 these	 high-	alpine,	 charismatic	 flagship	 species	
that	render	the	tropical	alpine	areas	so	peculiar.

















The	 overall	 projected	 habitat	 loss	 ranges	 from	 82.6	 to	 96.6%,	
with	only	3.4%	of	the	habitat	being	projected	to	remain	suitable	with	
high	certainty.	Randomly	retaining	sample	populations	equivalent	 in	






range,	we	 gave	 equal	weight	 to	 all	 loci	 as	 typical	 in	 studies	 relying	




found	 similar	 levels	 of	 genetic	 diversity	 in	 L. rhyncopetalum	 popula-
tions	from	different	mountains,	and	constraining	the	surviving	popu-
lations	to	different	mountaintops	resulted	only	in	small	differences	in	
genetic	diversity	 loss	compared	 to	 randomly	sampling	 the	surviving	
populations.
In	 a	 compilation	of	 307	 studies	 of	 plant	 species,	Nybom	 (2004)	
found	an	average	AFLP-	based	genetic	diversity	of	0.23	±	0.08,	with	
highest	diversity	in	long-	lived	perennials	(0.25),	outcrossers	(0.27),	and	
late	 successional	 taxa	 (0.30),	 and	 lowest	 diversity	 in	 annuals	 (0.13),	
selfers	(0.12),	and	early	successional	taxa	(0.17).	We	found	very	little	
total	 gene	 diversity	 in	 L. rhynchopetalum	 (0.12),	 even	 if	 this	 species	




et	al.,	 2014),	 rendering	 them	 particularly	 vulnerable	 to	 further	 cli-
mate	change.	A	meta-	analysis	of	the	impact	of	habitat	fragmentation	
revealed	a	 substantial	decrease	 in	expected	heterozygosity,	number	




future	 climates	will	 accelerate	 decrease	 in	 its	 genetic	 diversity	 and	
possibility	 for	 survival.	 Species	which	 are	 expected	 to	 lose	 80%	 of	
their	populations	within	100	years	are	proposed	to	be	 listed	as	crit-
ically	 endangered	 by	 the	 IUCN	 (IUCN,	 2001).	 Thus,	 inferred	 from	
habitat	loss	alone,	climate	change	will	seriously	threaten	the	survival	
of	 L. rhynchopetalum.	 In	 addition,	mountain	 species	 are	 expected	 to	
suffer	more	from	climate-	induced	range	reductions	(Frei	et	al.,	2010;	
Lenoir	et	al.,	2008;	Telwala	et	al.,	2013;	Thuiller	et	al.,	2005)	and	the	
associated	 loss	 in	 genetic	 diversity	 (Alsos	 et	al.,	 2012)	 than	 species	
from	lower	and	warmer	regions.
4.3 | Implications from model calibration and 
sampling design
We	 found	 that	 the	 different	 statistical	 models	 and	 the	 different	
complexity	levels	for	calibrating	the	models	revealed	very	similar	re-
sults.	This	is	unanticipated,	as	previous	studies	have	shown	that	the	
choice	of	 statistical	models	 generates	high	uncertainty	 in	projected	
future	 ranges	of	 suitable	habitats	 (Buisson,	Thuiller,	Casajus,	 Lek,	&	
Grenouillet,	 2010).	 In	 addition,	 our	 tests	 against	 independent	 data	
reveal	 that	 the	 more	 complex	 parameterization	 schemes	 did	 not	
improve,	but	 rather	deteriorate	 the	model	accuracies.	This	 is	 in	 line	
with	 the	 results	of	Randin	et	al.	 (2006),	who	also	 found	 the	simpler	
GLM	models	to	outperform	GAM	models	when	transferred	between	
Eastern	Austria	and	Western	Switzerland.
Merow	et	al.	 (2014)	 suggest	 using	 simple	modeling	 schemes	 for	
data	sets	that	are	small	and	lack	sound	statistical	designs.	We	believe	
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that	 our	 data	were	well	 sampled	 and	 larger	 than	minimal	 and	 thus	










important	 than	 selections	 of	 model	 algorithms	 and	 model	 settings,	
especially	for	species	that	appear	to	be	in	equilibrium	with	their	niche	
requirements.
Although	 the	 different	 statistical	 models	 and	 the	 two	 different	














tainty	 sources	 in	 an	ensemble	map	 is	becoming	a	 common	practice	
(Buisson	et	al.,	2010).	Here,	we	produced	multiple	maps	not	only	by	





one	 threshold	 criterion	 per	 model	 has	 not	 been	 common	 practice	
so	 far.	Although	 it	 adds	more	uncertainty	 sources,	 the	consensus	 in	
predicting	 suitable	 habitat	 among	 these	 multiple	 maps	 gives	 more	
confidence	 for	 management	 and	 conservation	 practices,	 especially	
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